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Abstract

Many spacecraft anomalics arc cansed by positively charged high energy particles
impinging on the vehicle and its componentparts. Here we review the current knowledge
of the interplanetary particle envitoninentinthe energy ranges thatare most important for
these effects, 10to 100 MeV/amu I ¢ eniphasis is on the padticle environment a1 AU.
State-of-the-art engineering modclsin. briefty described along with comments on the future
work requiredin this ficld.

Introduction

The problem of predicting hazardous cnvironments forspacecraft is complicated by the fact
that there are many different ways in whickadevice inspace canbe effected by energetic
particles. Yor example, degiadation of electronic parts and power 10ss in solar cells is
related to the total dose of jonizing radiation the partreceives over its lifetime. However,
another type of damage is duc to the (ficets caused by a single ion depositing energy in a
sensitive’ volume of the instrunent (Single Fvent Ylcets). For still other types of damage
the quantity of importance is the vi il ue of the peak particle flux.  The first step in the
evaluation of the environmentthen, s thidentify the type of darmage of concern and the
parameters Of importance for that ¢f foct; protons ot jons, highencrgy or low, total flux
(fluence) 01 peak flux. In principle, the techniques of predictng each of these quantities
di ffer.

Energetic particles come from t wolnansornces, galactic cosmic Jays and solar events. The
two types of particles are discussed s¢pritat.y.

Galactic Cosmic Rays

Galactic cosmic rays arc present atalltuncs and the major change in the fluxes and fluences
isan 11 year solar cycle. 'They eie hich encrgy nuclel propagating throughout the
heliosphere with a flux thatisal | nos. complete] y 1sotropic but is solaicycle  dependent.
I’ here is a decrease (increase) in cosnnciay intensity neatsolatiaxitnum (mini imum). This
is reflectedin the neutron monitorcounting rate data shown in 1 'igure 1. A second source
of solar cycle variation is the “anomalous component” of the cosmic rays. These particles
arc helium and heavierions that have cncrgics less than -50 MceV/nue. “They are seen at 1
Au only during solar minimuiand the detibs dif ferfronnninimumn to minimum (Mewaldt
ct a., 1993).

Proton events

While the cosmic rays provide an csscentially steady background of high energy particles,
particles due to solar events dol ninate the envitonment for energies from 1 to 100
MeV/amu. Proton fluxes have been obseryedinspace from | 9(13 to the present and it has
been found that solar energetic particlecventsare very sporadic. However, the data set has




now been collected over a long enouyhtin period to permita good statistical sample of
proton events to be assembled (Arnmnsirongetal, 1983;secalso Feynman et al., 1993).
Proton fluences (i.€. proton fluxes inti-gr,11 cjovera periodof incicased flux) observed in
an event can vary from just above the cospnieray backgroundto very high fluences. For
example, > 10°protons/cm’ weic ob.crve-datencrgies above 10 MeV during an event in
October 1989 (Yeynman et a., 1 993).} ventfluences above 1.5 x10° protons/em? (1>10
McV) arc very rare and only about]3 ofthiin have occurredsinee 1963, No events with
E>10 McV fluences >10' protons/cni® occunedbetween the famous event of August 1972
and the October 1989 event, a period of | 1 years. The 1972 event and its associated
geomagnetic storm caused widespr cad powe: outages in Canada and the United States and
alerted the public to the imporiance of m.jor solar protonevents, Butthe ]7 year hiatus led
tothc impression that the 1972 cvent was of a different class fromall other proton
cnhancements (King, 1974) and thatthisd:fictent class was very rare.  However, major
events had been observed before 1 963 (M alitson and Webber, 1962; Feynmanet al.,
1990) and have appeared againinboth 1 98¢ and 1991, Major events appear to be the high
fluence end of a smooth distiibution ot particle fluences (Feynman et al. 1990). This
smooth distribution of fluences isinm:rked contrast to the distiibution of peak fluxes
discussed by Smart and Shea (this coifcrcrce,X)l. Care must be taken to use fluence
models for estimating hazards duc to integ s ated doses and to use peak flux models for
effects dependent on that quantity.

Solar particle events are clearly associaled v ith events taking place on the Sun. There is,
however, currently a major controversy astowhether the particle acceleration takes place
in the flare itself or the particlesare acecicrated by associated coronalmass  ejections
(CMLis) (See Godling, 1993 and scfcicncestherein.y

in any case it has become cvidenttharthercare two differenttypes of solar X-ray flares,
gradual and impulsive. Therc is ine casine evidence that these different types of solar
events are associated with differentt yj e olparticleevents in the energy range above 5
McV (Reames, 1994), Figurc ? contiasts x1ay eventsseen during two days in May 1992.
The impulsive event on May 3 showsbottiarapidincicase and arapid decrease in x-ray
flux. Ingradual events, such asthatonMay ¥, the decay of the X-rayintensity takes place
over many hours. The two classes a:vno always as casily distinguishable as those in
Figure 2.

Gradual events, often called 1,1)1 (1.cne Duation 1 vents), arestrongly associated with
CMiIis and tend to be the events withi he Jargest proton fluences and the highest proton
peak fluxes. They have eleinent l abunidsnces and isotopic compositions that arc
characteristic of corona regionshovingar clectrontemperature of 1 01 2 MK (million
degrees Kelvin) (Reameset al., I *)():), Vheingestsolar protonfluence events often occur
in association]] with & Series of major gradual flares fiom asingle active reg ion as it is carried
across the face of the Sun (Malitsonan | Wehber, 1962, Feynmim et al, 1993). It is widely
believed these particles are accclerated oy (M diiven shocks inthe corona and lower solar
wind (c. f. Gosling, 1993), Figurc 3showsamajorprotonevent associated with a series
of high velocity CMEs (Feynman andHundhausen, 1994, Feviman, 1996). If a CME
velocity is supersonic with respectto the ambient solar wind, ashock will form and particle
accelerat ion will take place. Fig ute 4xhwes t 1w velozities of alimost 1,000 CMEs observed
by the High Altitude Observatory (NCAR) coronagtaphonthe Solar Maximum Mission
(Burkepile and St.Cyr, 1 993). Ovcirhalftheevents have velocities too low to form a
shock. Figurc 5 shows the. distance fronnthe Sun a which (‘MEs of a given velocity
become supersonic when propagating mtoanaverage ambient solar wind. Note that for a
CME velocity of 700 Km/see the shock forns after the CMIE: is atmore than 5 solar radii,
This emphasizes the fact that the vastinnority of CMEs seenincoronagraph images have
no shock. The increase in density tha issuch @ prominent and dramatic feature of CME
images isthe CME material it sclf.  Thernnge docs not show eitherthe shock or the




compressed ambient solar wind int he regionbetween the shock and the CMEE. At Earth the
shock, the compressed ambicnt solav inde nd the CME matcrialitself al | arc evident in the
solar wind observations (Hitshberp etal, 1970). The nuinberof CMI {s/lyear producing
shocks near the Sun can be estimated trom comparimg figures 4and 5. We find that 15 or
20 CMEis fast enough tO form apauticle accclerating shock were observed per year. CMEs
can be observed by coronagraphsifthey occurwithin30degrees of cither limb of the Sun
so the observations shown represent “120 degrees of” solar longitude. The longitudinal
extent of the region from which solw protons canreach the Fauthis per haps 200 degrees
(particle enhancements arc causcd by cvents taking place onthe visible disk and also arc
often attributed to events taking placconthe farside of the Sun within 30 degrees of the
west limb). Thus the estimated nu inber of shock producing CMEis that may produce
proton enhancements at Earthis 251030 per vearduring the active period of the solar cycle
(sec below). After the particles are acoclerated, t hey propagate to the Harth either  directly
along the magnetic field conuecting o the aceelerationregion, Or after many scatlerings.
The particle distribution at Barthisprinarihvisotropic, whichindicates repeated scattering.

The other type of solar event, imipulsive events, produce encrgetic particle fluences with
marked enhancements Of heavyions. ‘1 hesc eventsare generally dominated by electron
fluxes and have smaller protonfluxes than t i gradual events. These clectrons do not cause
spacecraft charging and do not 1 ¢piesc intany significant hazar d to spacecraft. Studies of the
Composition indicate that theions.are fiomiegions 01 thecor ona having electron
temperatures of 3-5 MK (Reames, 1 904,

A Proton Fluence Mode]

An important usc of particleflucnce predictions is inthe definition of a radiation
environment for spacecraft systenidesign. The sunspot number is often used as a back-
of-the-cnvc]opc guide as to theexpocied severity of the particle environient. However,
that is nNot a valid approach, even forafiistyuess (Feynmanetal., 1990). Thirty years of
experience have shown that the protonfluence to be expected peryearisnot proportional to
the sunspot number in that ycaror the uwanmum sunspot number of that cycle (figure 6).
The important parameter appcarstobe, not the sunspot number, but the phase of the
sunspot cycle. Figure 7 shows the ttal integrated yearl y fluence for 12 month periods
(years relative to the sunspot maximunimonth) from 19S6 thiough1985. The cycle can be
divided into active and quiet pcriods. 1)uring the quict period the risk from proton events is
minimal. The active periodis the /7 yeais beginning 2 years before maximum and  lasting
until 4 years after maximum. 1.venintheactive periodthereisa factor of 100 difference in
fluence among the cycles, in estimatine flucnces foramission, only the number of active
years need be taken into account.

A predictive model for protonflucnces, called JPI 1991, has been developed using  data
from 1963 through April of 1991 (Yeynmanetal, 1993). Several very large proton events
have occurred since the model was constiucted, particularly in the later months of 1991,
However, predictions made by the p ublishedimodel were not changedsignificantly by the
inclusion of these later events. ‘1 helPI99Tmodel apparently is based on a data set
collected over a long enough timc that it isquite stable. 1 ‘ora complete description of the
mode] seclieynmanet a, (1 993), 1 lcrc onlva brief description is given.

The data set contains hourly values of the fluences collected in space by the OGO series of
spacecraft. As illustrated infig Ure 3 major proton events are usually comiposed of a serics
of increases associated with ascriesof("Mbis or flares from asingle active region as it is
carried across the face of the Sun ‘i ‘o t4ke ac-count of thiseffect we define aproton “event”
by defining a threshold value for the daily 1 luence We then integrate the daily fluences
starting with the first day on which the fluence exceceds the thiesholdand ending when the




fluence is below the threshold for mo:cthanonc day. Usingthe list of events defined in
this way, we arrange the datain order of eventintegrated fluence. 1 for each event we then
plot the size of the fluence veisus thepercent of events inthe data set that have a fluence
less than that sire. For example,ifwehal a data set containing 100 events, the graph
would show the log of the magnitude o the ordinate and 99% onthe abscissa, since 99 of
the 100 events have a fluence less than the Jngest fluence.  The median fluence would be
plotted at 50%. Figure 8 shows thetesullatiplot for particle encrgics>10 MeV during the
active part of the solar cycle.

in figure 8 the abscissa has beeniul dso thatif the magnitudes of the events had a
Gaussian distribution, the points wouldsppearalong a straight line. Obviously the
distribution is not Gaussian. 1 lowever, thedistributionis so steep at the high fluence end
that the total fluence experienced mamission will be detenminedby the number of very
large events, if any occur. Because of thisit is only important to predict the large events
accurately. To do this a Gaussian is usod thit fits the largest events well, as shown in the
figure 8. This Gaussian is then used in Mnte Carddo caleulations of fluences for various
mission lengths. Scc Feynman ctal. ( 1993). 1igure 9 shows the probability of exceeding a
given fluence for several diffeicntmissionlngthsforencrgy >10 MeV. This figure may
be used directly for missions at 1 AUl No other computer modeling is needed. Simply
count the number of years the mission wilifly during the active part of the solar cycle
defined in figure 7, decide on the protabiliy desired and read the fluence from figure 9.
For mission lengths longer than the 7 tive vears,assume that 110 fluence will be collected
during the quiet solar period and addthiciucnce forthe additionijactive years.

Problem areas for futurework

Although we can make a statistical prcdictionof the mnissionintegrated fluences of protons
at 1 AU, the situation is less than satisfacton for otherimportant parameters. For example,
no models exist for the prediction ot peal. flu xes, although the peak flux distribution
presented at this meeting (Smart and Shea, 1 996)is anadvance towards that goal. This is
an dunporlam parameter for manydevicesin spaccandshouldbethe focus of a modeling
study.

Other very important parameters inclus e the fluxes and fluences of heavy ions. Ideally the
best method would be to usC the mcasuredionfluxes and constiuct @ model based on that
data. However, the ion fluences are dif licult to measure. Thusno data set exists that
covers a long enough time period withi sufficientaccuracy to iake such a model feasible.
Instead, the usual procedure iS 1o calen late the proton fluence and estimate the ion fluence
from some estimate of the ion/protoniatio. Buttheilon/protoniatio varies strong] y from
event to event. Sometimes & doublewaorstease” scenario is used in which amajor proton
event fluence is assumed to have. wionentiched composition.  However, as pointed out
above, major proton events arc associated with gradual solar events whereas ion
enrichments are associated withimipulsive events.  There IS no known case in which a
major proton event exhibits ancnriche.dcomposition. A more realistic procedure would be
to use fluences from major proton events with the ion/proton ratios measured in major
events, A second approach that has been copgested is based on the observation that the
ion/helium ratio does not vary fromeventtoeventas strongly as does the ion/proton ratio.
Helium is more casily detected thanheivyions so thata bettertheliuvm data set exists. It has
been suggested that a model of thehelimnfinence be constructedusing the same techniques
as have been used for the protons. '} hejon/ticliumratio would then permit @ more reliable
estimate of the expected heavy ionciviteinne g,




For space missions that are not confuicdto 1AlTthe quest ion of” the heliocentric radial
gradient of the fluxes and fluences Decomesvery important. Ithas been suggested that the
largest observed values O1 peakfluy incdue [o the interaction of ah eady accelerated
particles with shocks in space (cf. Sheaand Smart 1990). Work should be done to verify
this concept. Event integrated flucnce . prose adifferent problem. The radial gradient will
depend on the method by whichthese pantic)e~are accelerated, particularly whether they arc
accelerated in flares at the Sun, by (' Mlishocks in the. near-Suniegion, or by shocks
throughout the hel 1osphere. ] autheifundamental studies and modeling of the proposed
acceleration processes are necdedbefore the radial gradientscanbe understood well enough
to make reliable estimates of the expec cdrafiationenvironmentin spat.c.
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Figure Captions:

1 ‘igure 1. Solar cycle variation of the sunspot number and of ncutron monitor counting
rates (McKibbcn, 1988). The countinrratare indicative of the fluences of high energy
galactic cosmic rays and increase withincreassing cosmic ray flux

1dgure 2. X-ray events seen during two daxsinMav 1992, showing the contrast between
gradual and lmpulslvcevcnts((mtahmn Solatand GeophysicalData, NES, NOAA, 1992).

Figure 3. The major proton cventof MNaich 1989, This event was associated with a series
of high velocity CMEs (datafirom Sobacand (Geophysical Data, NES, NOAA, 1989).

Figure 4. Velocities of almost 1,000 ("MI . observed by the High Altitude. observatory
(NC AR) coronagraph on the Soliw Ma<iinuim Mission (Burkepile and St.Cyr, 1993). The
last bin contains all CMI:s with velocities grcater than 1,200 kin/sec.

Figure 5. The distance from the Sun ot wlnch CMEs of a given velocity become supersonic
when propagating into an average anbicnt solar wind.

Figure 6. The proton fluence perl?monthperiod vs. the sunspotnumber during the same
period, showing that these quantitics i notproportional,

Figure 7. The total integrated yeay flucncctor] 2 month periods (years ielative to sunspot
maximum) from 1956 through 1085,

Figure 8. Distribution of event{lucnce, forparticle energies >10 MeV during the active part
of the solar cycle. The straightlineis s Ganissian fit to the distnibution of the large fluence
events.

Figure 9. The probability of cxcecdingspivenfluence forseveral different mission lengths
for energy >10 McV.
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